The Helmholtz wave equation is linearized using the Feshbach-Villars procedure used for linearizing the Klein-Gordon equation, based on the close algebraic analogy between the Helmholtz equation and the Klein-Gordon equation for a spin-0 particle. The Foldy-Wouthuysen iterative diagonalization technique is then applied to the linearized Helmholtz equation to obtain a Hamiltonian description for a system with varying refractive index. The Hamiltonian has a wavelength-dependent part absent in the traditional descriptions. Besides reproducing all the traditional quasi-paraxial terms, our method leads to additional contributions dependent on the wavelength. Applied to the axially symmetric graded-index fiber, this method results in wavelength-dependent modifications of the paraxial behavior and the aberration coefficients to all orders. Explicit expression for the modified aberration coefficients to the third order are presented. Sixth-and eighth-order Hamiltonians are also presented.
INTRODUCTION
Historically, the scalar wave theory of optics (including aberrations to all orders) is based on Fermat's principle of least time. In this approach, the beamoptical Hamiltonian is derived using Fermat's principle. This approach is purely geometrical and works adequately in the scalar regime. Later on it was realized that the whole of optics is governed by Maxwell's equations. All the laws of geometrical optics can be deduced from Maxwell's equations (Born and Wolf, 1999) . This deduction is traditionally done using the Helmholtz equation, which is derived from Maxwell's equations. In this approach, one takes the square-root of the Helmholtz operator followed by an expansion of the radical (Dragt et al., 1986; Dragt, 1998) . It should be noted that the square-root approach reduces the original boundary value problem to a first order initial value problem. This reduction is of great practical value, since it leads to the powerful system or the Fourier optic approach (Goodman, 1996) . However, the beam-optical Hamiltonian in the squareroot approach is no different from the geometrical approach of Fermat's principle. Moreover, the reduction process itself can never be claimed to be rigorous or exact.
The purpose of this report is to present an alternate procedure for the reduction, based on the close algebraic analogy between the Helmholtz equation and the Klein-Gordon equation for a spin-0 particle. Our approach, which uses the algebraic machinery of quantum mechanics, provides a 'natural' procedure for the reduction. Furthermore, our procedure gives rise to some interesting extra contributions, modifying the beam-optical Hamiltonian of geometrical optics. This results in the corrections to the beam optics even at the 'paraxial-level ' (Khan et al., 2002) .
The Helmholtz equation governing scalar optics is algebraically very similar to the Klein-Gordon equation for a spin-0 particle. Exploiting this similarity, the Helmholtz equation is linearized in a procedure very similar to the one due to Feshbach-Villars for linearizing the Klein-Gordon equation. This brings the Helmholtz equation to a Dirac-like form enabling the procedure of the FoldyWouthuysen expansion used in the Dirac electron theory. This approach, which uses the algebraic machinery of quantum mechanics, was developed recently (Khan et al., 2002) , providing an alternative to the traditional square-root procedure. The formalism presented here gives rise to wavelength-dependent contributions modifying the aberration coefficients. The algebraic machinery of this formalism is very similar to the one used in the quantum theory of chargedparticle beam optics, based on the Dirac (Jagannathan et al., 1989; Jagannathan, 1990; Jagannathan, 1993) and the Klein-Gordon (Khan and Jagannathan, 1995) equations respectively. The detailed account for both of these is available in (Jagannathan and Khan, 1996) . A treatment of beam optics taking into account the anomalous magnetic moment is available in (Conte et al., 1996; Jagannathan and Khan, 1997; Khan, 1997; Jagannathan and Khan, 1998) . A complete coverage to the new field of Quantum Aspects of Beam Physics (QABP), can be found in the proceedings of the series of meetings under the same name (Chen, 1999) .
Using our approach, we derive general expressions for the Hamiltonians without assuming any specific form for the refractive index. These Hamiltonians are shown to contain extra wavelength-dependent contributions, which arise very naturally in our approach. We apply the general formalism to the specific examples:
A. Medium with constant refractive index. This example is essentially for illustrating some of the details of the machinery used. B. Axially symmetric graded-index medium. This example is used to demonstrate the power of the formalism. The traditional approaches
